To investigate the direct role of interleukin (IL) 6 in the development of rheumatoid arthritis, IL-6-deficient (IL-6 ؊͞؊) mice were backcrossed for eight generations into C57BL͞6 mice, a strain of mice with a genetic background of susceptibility for antigen-induced arthritis (AIA). Both histological and immunological comparisons were made between IL-6-deficient (IL-6 ؊͞؊) mice and wild-type (IL-6 ؉͞؉) littermates after the induction of AIA. Although all IL-6 ؉͞؉ mice developed severe arthritis, only mild arthritis was observed in IL-6 ؊͞؊ mice. Safranin O staining demonstrated that articular cartilage was well preserved in IL-6 ؊͞؊ mice, whereas it was destroyed completely in IL-6 ؉͞؉ mice. In addition, comparable mRNA expression for both IL-1␤ and tumor necrosis factor ␣, but not for IL-6, was detected in the inf lamed joints of IL-6 ؊͞؊ mice, suggesting that IL-6 may play a more crucial role in cartilage destruction than either IL-1␤ or tumor necrosis factor ␣. In immunological comparisons, both antigen-specific in vitro proliferative response in lymph node cells and in vivo antibody production were elicited in IL-6 ؊͞؊ mice, but they were reduced to less than half of that found in IL-6 ؉͞؉ mice. Lymph node cells of IL-6 ؊͞؊ mice produced many more Th2 cytokines than did IL-6 ؉͞؉ mice with either antigen-specific or nonspecific stimulation in in vitro culture. Taken together, these results indicate that IL-6 may play a key role in the development of AIA at the inductive as well as the effector phase, and the blockade of IL-6 is possibly beneficial in the treatment of rheumatoid arthritis.
Rheumatoid arthritis (RA) is one of the major immunemediated diseases. The cause of RA remains unknown, but several hypotheses, involving an autoimmune mechanism (1), superantigen-driven disease (2) , and infectious stimulus (3), have been postulated. Whatever the cause of RA, recent cumulative evidence suggests that cytokines are important mediators for the pathology of RA (4) . The cytokines, especially so-called proinflammatory cytokines, such as interleukin (IL) 1, tumor necrosis factor (TNF), and IL-6, play a pivotal role in the pathology of RA. The pathology of RA consists of: (i) acute and chronic inflammation, (ii) cell proliferation, and (iii) tissue destruction͞fibrosis. Biologic actions of these proinflammatory cytokines appear to contribute to all three aspects of RA pathology. In addition, recent progress in the field of cytokine research has led to the idea that these proinflammatory cytokines might be optimal therapeutic targets for RA. In fact, recent clinical trials of anticytokine therapy for RA (5) (6) (7) (8) (9) encouraged this idea. However, the roles of the individual cytokines for the pathology of RA have not been fully dissected and understood. Particularly, the idea of IL-6's direct involvement in joint destruction is still less convincing and more controversial than that of the involvement of IL-1 or TNF (10) (11) (12) (13) (14) (15) (16) . One of the possible reasons is that given the high levels of IL-6 at inflamed joints it is difficult to approach the role of IL-6 in animal models with the use of neutralizing antibodies, as incomplete blocking can hardly be excluded.
Antigen-induced arthritis (AIA) is an animal model for arthritis initially induced in rabbits and extended into mice (17) . AIA is T cell-dependent immunological arthritis, and its histopathological features closely resemble those of RA. In a mouse with AIA, we can observe most histopathological characteristics of RA, such as marked synovial lining hyperplasia, proliferation of sublining cells, infiltration of inflammatory cells, neovascularization, pannus formation, and articular cartilage destruction. Although AIA is a monoarthritis model, it has the advantage of precise and fair histological comparisons among individual mice.
In this study, to investigate the direct involvement of IL-6 in the pathology of RA, we backcrossed IL-6-deficient (IL-6 Ϫ͞Ϫ) mice for eight generations into C57BL͞6 mice, a strain of mice with genetic background of susceptibility for AIA. Both histological and immunological comparisons were made between IL-6 Ϫ͞Ϫ mice and IL-6 ϩ͞ϩ littermates after the induction of AIA.
MATERIALS AND METHODS
Animals. Animal experimentations in this study were performed according to the guidelines of the Animal Experimentation Committee of Osaka University. IL-6 Ϫ͞Ϫ mice were generated as described elsewhere (18) . Those IL-6 Ϫ͞Ϫ mice were backcrossed into C57BL͞6 mice (Nihon SLC, Shizuoka, Japan) for eight generations. Then, IL-6 Ϫ͞Ϫ mice and IL-6 ϩ͞ϩ littermates were obtained by intercrossing heterozygous (IL-6 ϩ͞Ϫ) mice for use in this study. All mice were male, 10-12 weeks of age at the time of immunization, and were bred at the Experimental Animal Center of Osaka University Medical School. Mice were housed in filter-top cages under standard pathogen-free conditions. Induction of AIA. AIA was induced by following the same protocol (17) . Briefly, mice were immunized intradermally at the base of the tail and four footpads with 100 g of methylated BSA (mBSA) (Sigma) emulsified with an equal volume of complete Freund's adjuvant (Difco). They were injected with 2 ϫ 10 9 Bordetella pertussis organism (Kaken Pharmaceutical, Tokyo) i.p. This procedure was repeated on day 7. On day 21, 100 g of mBSA in 10 l of saline was injected into the left The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
knee joint. As a control, the same volume of saline was injected into the right knee joint.
Histological Examination. Mice were anesthetized with pentobarbital and sacrificed 35 days after the first immunization. The legs were removed, and the knee joints were opened by a transverse incision through the patellar tendon. After fixation in 4% paraformaldehyde in PBS, the legs were decalcified for 10 days with EDTA and embedded in paraffin. The paraffin sections were stained with hematoxylin-eosin, Safranin O-fast green, and tartrate-resistant acid phosphatase. The slides were evaluated histologically by two independent observers, and the gradation of arthritis was scored from 0 to 4 according to the intensity of lining layer hyperplasia, mononuclear cell infiltration, and pannus formation as done previously (17): 0, normal knee joint; 1, normal synovium with occasional mononuclear cells; 2, definite arthritis, a few layers of flat to rounded synovial lining cells and scattered mononuclear infiltrates; 3, clear hyperplasia of the synovium with three or more layers of loosely arranged lining cells and dense infiltration with mononuclear cells; and 4, severe synovitis with pannus and erosions of articular cartilage and subchondral bone.
Proliferative Response of the Lymph Node Cells (LNC). Mice were immunized with mBSA twice on days 0 and 7 by the same protocol with the induction of AIA. Fourteen days after immunization with mBSA, mice were sacrificed. The inguinal lymph nodes were removed and prepared for single LNC suspensions. LNC (5 ϫ 10 5 cells͞well) were cultured with 0.2 ml of complete culture medium supplemented with 1% mice serum in the absence or presence of either mBSA (100 g͞ml) or ConA (1 g͞ml) in 96-well plates for 72 hr. Cell proliferative response was measured by [ 3 H]thymidine incorporation. Measurement of Serum Anti-mBSA IgG. Sera were collected on days 0 (before immunization), 7, and 14. Anti-mBSA IgG levels were measured by ELISA as described elsewhere (19) . Briefly, 96-well plates were coated overnight with 100 l of 5 g͞ml mBSA and blocked by incubation with 0.1% goat serum (Kirkegaard & Perry Laboratories) in PBS for 1 hr at 37°C. After washing, a 100-l aliquot of each mouse serum diluted 5-fold in PBS was applied and incubated for 30 min at 37°C. After another washing, 100 l of alkaline phosphataseconjugated horse anti-mouse IgG (Vector Laboratories) was added and incubated for 30 min at 37°C. The plates were washed three times and color development of p-nitrophenylphosphate (Kirkegaard & Perry Laboratories) was monitored at 405 nm by an ImmunoReader NJ-2000 (Nihon InterMed, Tokyo).
Th1 (IFN␥ and IL-2) and Th2 (IL-4 and IL-10) Cytokines Production in LNC. Mice were immunized with mBSA by the same protocol with the induction of AIA. Fourteen days after immunization with mBSA, mice were sacrificed. The inguinal lymph nodes were removed and prepared for single LNC suspensions. LNC (5 ϫ 10 5 cells͞well) were cultured with 0.2 ml of complete culture medium supplemented with 1% mice serum in the absence or presence of either mBSA (100 g͞ml) or ConA (1 g͞ml) in 96-well plates, and supernatants were collected after 48 hr. IFN␥ and IL-4 levels were detected by sandwich ELISA using reagents from PharMingen following the manufacturer's protocol. IL-2 and IL-10 levels were measured with a commercially available ELISA kit (Genzyme). The sensitivity of assay was 5 pg͞ml for IFN␥, 0.5 pg͞ml for IL-4, 15 pg͞ml for IL-2, and 15 pg͞ml for IL-10. Semiquantitative Reverse Transcriptase (RT)-PCR. Synovia of the knee joints from two each of IL-6 Ϫ͞Ϫ and IL-6 ϩ͞ϩ mice after the induction of AIA were examined. Samples from two immunized IL-6ϩ͞ϩ mice injected with saline were used as controls. All mice were sacrificed 25 days after immunization. Each sample was removed and immediately frozen on dry ice, and total RNA was extracted by the acid guanidium thiocyanate-phenol-chloroform method as described elsewhere (20) . cDNA was synthesized by RT, and amplification of cDNA by PCR was performed with the primers specific for the individual cytokines (mouse IL-6, TNF␣, and IL-1␤; CLONTECH), or with ␤-actin (CLON-TECH) as an internal control. cDNA equivalent to 50 ng of total RNA was used for PCR in a final volume of 20 l containing [␣-32 P]dCTP (Amersham). The semiquantitative RT-PCR assay was performed as described previously (21, 22) . Thirty cycles of PCR were performed under the following conditions: denaturation at 94°C for 30 sec, primer annealing at 60°C for 30 sec, and primer extension at 72°C for 1 min. The PCR products were electrophoresed on a 6% polyacrylamide gel for separation (IL-6, 638 bp; TNF␣, 692 bp; IL-1␤, 563 bp; ␤-actin, 540 bp). Moreover, cycle dependency for each primer was confirmed by 24-33 cycles of PCR using 50 ng of RNA samples from lipopolysaccharide-stimulated spleen cells. We also confirmed the dose dependency for each primer by 30-cycle PCR using 0.6-150 ng of the same RNA samples. Quantitative analysis of the PCR products was performed by image analyzer (Fujix BAX1000, Fuji).
Statistics. Histologic scores and immunological data are expressed as mean values Ϯ SE. Statistical significance was tested by using the Student's t test. Differences were considered statistically significant if the two-sided P-value was Ͻ0.05.
RESULTS AND DISCUSSION
AIA is an experimental autoimmune arthritis and closely resembles RA histopathologically (17) . Although AIA is a monoarthritis model, it has the advantage for a precise and fair histological comparison. Therefore, we used this model to investigate the role of IL-6 in the pathology of RA, using IL-6 Ϫ͞Ϫ mice on the genetically susceptible C57BL͞6 background for eight generations. As a result, all IL-6 ϩ͞ϩ mice developed severe arthritis characterized by marked lining layer hyperplasia, dense mononuclear cell infiltration, neovascularization, pannus formation, and erosions of articular cartilage and bone (Fig. 1A) compared with the control mice (IL-6 ϩ͞ϩ mice injected with saline alone) (Fig. 1C) . These histopathological features closely resembled those of RA. In contrast, only mild (Fig. 1B) . The histopathological assessments of arthritis in the individual mice of each group are summarized in Table 1 . In IL-6 ϩ͞ϩ mice, eight of 10 were graded as score 4, and the rest were graded as score 3. In contrast, in IL-6 Ϫ͞Ϫ mice, eight of 10 were graded as score 2, and the rest were graded as score 1.
The mean histological scores of IL-6 ϩ͞ϩ and IL-6 Ϫ͞Ϫ mice were 3.80 Ϯ 0.18 and 1.80 Ϯ 0.18, respectively. Thus, AIA occurred in IL-6 Ϫ͞Ϫ mice, but its severity was markedly reduced compared to that in IL-6 ϩ͞ϩ mice. Next, we assessed the cartilage destruction by Safranin O staining. As shown in Fig. 2A , no Safranin O staining was detected in the knee joints of IL-6 ϩ͞ϩ mice after the induction of AIA, indicating complete cartilage destruction. In contrast, in IL-6 Ϫ͞Ϫ mice, articular cartilage was stained by Safranin O with the almost same extent as that of the control mice (IL-6 ϩ͞ϩ mice injected with saline alone) (Fig. 2 B and  C) , indicating that articular cartilage was well preserved in IL-6 Ϫ͞Ϫ mice. Moreover, the activated multinucleated osteoclasts stained with tartrate-resistant acid phosphatase were observed at erosive lesions with pannus formation in all IL-6 ϩ͞ϩ mice after the induction of AIA, whereas they never were detected in IL-6 Ϫ͞Ϫ mice (data not shown). Tamura et al. (12) demonstrated that IL-6 could differentiate bone marrow precursors into activated osteoclasts in the presence of soluble IL-6 receptors, supporting this observation. Cartilage destruction is a major event at the early effector phase of RA, and previous reports have suggested the involvement of proinflammatory cytokines in cartilage destruction. We compared the expressions of proinflammatory cytokines (IL-1␤, TNF␣, and IL-6) by semiquantitative RT-PCR in the arthritic joints between IL-6 Ϫ͞Ϫ and IL-6 ϩ͞ϩ mice to determine which proinflammatory cytokine is a crucial mediator. As shown in Fig. 3 , the expressions of mRNA for all three cytokines were detected in IL-6 ϩ͞ϩ mice after the induction of AIA, and comparable mRNA expressions for IL-1␤ and TNF␣, but not for IL-6, also were detected in IL-6 Ϫ͞Ϫ mice after the induction of AIA. This result indicates that either IL-1␤ or TNF␣ is unlikely to be an essential mediator, and IL-6 might play a more crucial role than either IL-1␤ or TNF␣ in cartilage destruction of AIA. However, further investigations are needed.
AIA is an immunological arthritis model (17) , and IL-6 is well known as an important mediator for immunological reactions (23) . To examine antigen-specific immune response in IL-6 Ϫ͞Ϫ mice after the induction of AIA, both mBSAspecific in vitro proliferative response in LNC and in vivo antibody response were measured in IL-6 Ϫ͞Ϫ mice. As shown in Table 2 , significant mBSA-specific proliferative response was observed in the immunized IL-6 Ϫ͞Ϫ mice compared with nonimmunized mice. However, the mBSA-specific proliferative response was reduced to about one-third of the immunized IL-6 ϩ͞ϩ mice. On the other hand, no significant difference was observed in the proliferative response to ConA between immunized IL-6 Ϫ͞Ϫ and IL-6 ϩ͞ϩ mice. Moreover, FACS analysis revealed no difference in either the CD3͞B220 or CD4͞CD8 ratio between immunized IL-6 Ϫ͞Ϫ and IL-6 ϩ͞ϩ mice (data not shown). These results suggest that the reduction of mBSA-specific proliferative response in the immunized IL-6 Ϫ͞Ϫ mice is not caused by either the universal suppression of T cell response or the changes in the proportion of the subpopulation of lymphocytes. Regarding in vivo antigenspecific antibody response (Table 3 ), significant anti-mBSA IgG also was elicited in the immunized IL-6 Ϫ͞Ϫ mice on days 7 and 14 after the immunization as compared with the nonimmunized mice, whereas the titers were about half of those in the immunized IL-6 ϩ͞ϩ mice. Thus, both antigenspecific in vitro proliferative response in LNC and in vivo antibody response were elicited in IL-6 Ϫ͞Ϫ mice but reduced to less than half of those in IL-6 ϩ͞ϩ mice.
Recent cumulative evidence has demonstrated the importance of the balance between Th1 and Th2 cytokines in immunological diseases, including RA. In general, RA is thought to be a typical Th1 disease regarding the cytokine profile, and Th2 cytokines play preventive roles in different arthritis models (24, 25) . To examine the balance between Th1 and Th2 cytokines in the immunized IL-6 Ϫ͞Ϫ mice, we measured in vitro Th1 cytokine (IFN␥ and IL-2) and Th2 cytokine (IL-4 and IL-10) production in LNC. As shown in Table 4 , LNC of the IL-6 Ϫ͞Ϫ mice produced IFN␥, IL-4, and IL-10 when they were stimulated with either mBSA or ConA. Interestingly, the production of both IL-4 and IL-10 in the LNC of the IL-6 Ϫ͞Ϫ mice was significantly more than that in the LNC of the immunized IL-6 ϩ͞ϩ mice. On the other hand, there is no difference in IFN␥ production in LNC between the two groups. The production of IL-2 in LNC of IL-6 Ϫ͞Ϫ mice Fourteen days after immunization with mBSA, mice were sacrificed. The inguinal lymph nodes were removed, and single-cell suspensions were prepared. The LNC (5 ϫ 10 5 cells͞well) were cultured with 0.2 ml of complete culture medium in the absence or presence of either mBSA (100 g͞ml) or ConA (1 g͞ml) in 96-well plates for 72 hr. Proliferative response was measured by 3 H-thymidine incorporation. ‫,ء‬ P Ͻ 0.001, IL-6 Ϫ͞Ϫ compared to IL-6 ϩ͞ϩ. Sera were collected before and 7 or 14 days after first immunization. The titers of antibodies against mBSA were measured by ELISA. ‫,ء‬ P Ͻ 0.005, IL-6 Ϫ͞Ϫ compared to IL-6 ϩ͞ϩ.
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Proc. Natl. Acad. Sci. USA 95 (1998) was suppressed significantly on either antigen-specific or nonspecific stimulation compared with that of the IL-6 ϩ͞ϩ mice. Thus LNC of immunized IL-6 Ϫ͞Ϫ preferentially produced Th2 cytokines, but the production of IL-2 was reduced conversely. This finding is not so surprising, because Romani et al. (26) demonstrated the preferential induction of Th2 cytokine production after Candida albicans infection in IL-6 Ϫ͞Ϫ mice. This finding suggests the balance between Th1 and Th2 cytokine might shift toward the Th2 site in the immunized IL-6 Ϫ͞Ϫ mice, and the induction of Th2 cytokine might contribute partly to the prevention of AIA.
In conclusion, the present study suggests that IL-6 may play a key role in the development of AIA at both the induction phase and the effector phase, and the blockade of IL-6 is possibly beneficial in the treatment of RA.
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